We investigated the effects of plant density on reproduction for an insect-pollinated desert mustard ( Lesquerella fendleri [Brassicaceae] 
Introduction
An important tenet of ecological thought is that the density of conspecifics may affect population dynamics (e.g., Antonovics & Levin 1980) . Until recently, most work has focused on the negative effects of extremely high density on reproduction and mortality (e.g., Harper 1977; Weiner 1982; Rathcke 1983) . However, as humans continue to degrade habitat and fragment natural populations, it has become more important to understand the other end of this continuum-the effects of low density (Allee 1931) . For example, consider the effects of density on plant reproductive success. In principle, reproduction might increase or decrease with population density (Rathcke 1983 ), but there is little empirical data on which of these alternatives occurs under any particular circumstances.
Decreases in plant reproductive success in response to increased local density might occur because of intraspecific competition for resources (e.g., Harper 1977; Weiner 1982; Rathcke 1983; Pacala & Silander 1990 ). This corresponds with the traditional perspective on competition and reproductive success and has been reviewed in detail elsewhere (e.g., Harper 1977; Antonovics & Levin 1980) . Increases in plant reproductive success in response to increased density (the "Allee effect:" Allee 1931; Begon et al. 1990 ) might occur for at least two reasons. First, pollinator visitation might be greatest in dense areas. This might occur if, for example, pollinators prefer areas that minimize inter-plant travel costs. Increases in pollinator visitation may then lead to increased seed production (Rathcke 1983; Kunin 1992 Kunin , 1993 Widén 1993; Aizen & Feinsinger 1994 a ) , in a process known as facilitation (as opposed to competition) for pollination (Rathcke 1983) . Second, both plant density and individual resource availability might be greatest where resources are more abundant, despite any increase in local competition (Kennedy & Gray 1993) .
Despite the strong potential impacts of low density on reproductive success, there is little empirical data that focuses on this topic (Widén 1992; Kunin 1992 Kunin , 1993 . In contrast, related measures such as population size ( Jennersten 1988; Menges 1991 Menges , 1995 Jennersten & Nilsson 1993; Lamont et al. 1993; Rathcke & Jules 1993; Fritz & Nilsson 1994; Van Treuren et al. 1994; Heschel & Paige 1995; Lamont & Klinkhamer 1995) and isolation of population fragments (Rathcke & Jules 1993; Aizen & Feinsinger 1994 a , 1994 have been implicated as causes of reduced reproductive success in several species. For many plant species, however, population boundaries are not clear, and density of individuals within single populations varies dramatically (personal observation; Levin 1995) , making the population size approach difficult to implement. Furthermore, local density is often more amenable to measurement in the field, whereas documentation of population size and isolation can require intensive searches of large areas of habitat (personal observation). The appropriate scale at which to assess density is not always clear, however, and depends on the scale of the mechanisms limiting reproduction. Once again, little is known about this, although interaction neighborhoods are less than 0.5 m for several species (Hartgerink & Bazzaz 1984; Pacala & Silander 1990; Stratton 1994) .
To improve knowledge of how small-scale variation in local density of conspecifics affects reproductive success, we studied the common desert wildflower Lesquerella fendleri (Brassicaceae). This species varies dramatically in density and reproductive success over space and time, both within and between sites (e.g., means of 0-50 plants/m 2 , 0-2500 seeds produced/m 2 ; Cabin 1996), and most populations have indistinct boundaries (personal observation). Furthermore, several congeners in New Mexico are threatened (Sivinski & Lightfoot 1994) , and information from this common species might be useful as a first step in designing management for more sensitive species (Cabin et al. 1990; Byers 1995) .
Methods

Organism and Study Sites
Lesquerella fendleri (Gray) S. Wats. (Brassicaceae; wild Bladderpod) is a small (3-10 cm high), self-incompatible perennial native to the southwestern U.S. and northern Mexico (Rollins & Shaw 1973) . At our field sites L. fendleri flowers from mid-April to mid-May, and seeds mature in late May and early June. The species' range extends from Utah to Mexico, where it occurs on limestone outcrops, gypseous hills, gravel, sandy washes, rocky slopes, bluffs, shallow drainage areas, plains, and in desert shrub regions (Rollins 1993) . Pollination of the yellow, 14 mm diameter flowers is primarily by small bees (Halictidae, Andrenidae) and beeflies (especially Pantarbes pusio ; Mitchell, unpublished data). For further details of the biology of this species see Rollins & Shaw (1973) ; Mitchell & Marshall (1995); ; Evans et al. (1996) .
We studied L. fendleri at the Sevilleta National Wildlife Refuge (1775 m elevation), located 80 km south of Albuquerque, New Mexico (34 Њ 20 Ј north latitude and 106 Њ 40 Ј longitude). We studied plants in seven separate sites that differed widely in overall density and that represented a variety of habitat types, including open washes, disturbed kangaroo-rat mounds in open grassland, and areas dominated by creosote bush ( Larrea tridentata ). The sites were at least 3.5 km from each other within a 12 ϫ 10 km area east of the "Five Points" area of the Sevilleta (Cabin et al. unpublished manuscript) . Each plot was named for a nearby feature: Fire Plots, Goat Draw, Goalpost, Gully, Hilltop, Mound, and Sepultura. We deposited a voucher specimen at The University of New Mexico Herbarium.
Design
To determine the effects of density, we measured reproductive success for a total of 54 "focal" plants (4-10 at each of the seven sites) that varied dramatically in local density. We chose these focal plants and determined density of conspecifics during the peak of the 1994 flowering season (23 April to 6 May) so we would not overlook low-growing and otherwise cryptic plants. At each site we identified pairs of L. fendleri plants that were similar in size and vigor, but differed markedly in the density of conspecifics within 3 m. We used these pairings to ensure comparability of the two groups of plants; for simplicity, we did not consider the pairings themselves in the analysis. In all cases, focal plants were separated by 3 to 40 m, and they were never nearest neighbors to each other.
We used our subjective impressions to classify each plant as having a "dense" or "sparse" relative density of conspecifics. To quantify and confirm these classifications, we also counted the number of L. fendleri within three concentric rings around each focal plant: 0-1 m, 1-2 m, and 2-3 m (Pacala & Silander 1990) . We used the number of plants in each of these rings to indicate "absolute density" at successively larger spatial scales. These three estimates were strongly correlated with each other ( r ϭ 0.70 to 0.86, p Ͻ 0.05, n ϭ 53). We also measured the distance to the nearest conspecific neighbor of each focal plant as another estimate of absolute density. Absolute and relative measures of density can illuminate different aspects of the effect of conspecifics on reproduction. Absolute density allows comparison of the reproductive success of focal plants within each site and across all the sites. Relative density allows comparison of the response of dense and sparse plants within sites and allows a test of whether that response changes among sites that differ greatly in absolute density. Absolute density at the different distances from focal plant (1-3 m) may be used to assess the spatial scale over which any reproductive effects occur.
We collected focal plants at the conclusion of the spring 1994 reproductive season (in mid-June) by digging them carefully out of the soil. We were careful to harvest plants when the fruits were mature but undehisced. One plant died before harvest, so we omitted it from further analysis. After placing the plants in a 70 Њ C drying oven for over 24 hours, we weighed each whole plant (including roots) individually, and counted the number of inflorescence-bearing branches.
We used three measures to estimate reproductive success: number of seeds set per fruit (seed set); proportion of flowers setting fruit (fruit set); and total seed production per plant (total seed production). We estimated these values from a sample of 10 inflorescences per plant; for plants with fewer than 10 branches, we assessed reproduction on all branches. To quantify seed set we used a stratified sampling design to control for any temporal variation in reproduction (basal flowers are receptive earlier in the flowering season than those in more distal positions). For each selected inflorescence, we counted seeds from one fruit from the bottom, middle, and upper third of the inflorescence.
To estimate fruit set and total seed production, we recorded the fate of each flower on each of the sampled branches. We then calculated total fruit production per plant by multiplying the mean number of developed fruits (uneaten fruits containing seeds) per branch by the total number of branches on the plant. To estimate total seed production per plant, we multiplied the average seed production per developed fruit (mean seed set across all sampled branches) by the total number of developed fruits. To estimate fruit set we divided the total number of fruits produced per plant by the total number of flowers per plant. Seed predators damaged less than 9% of all fruits. Preliminary analysis indicates that the fraction of fruits experiencing seed predation did not vary with absolute or relative density (unpublished data), so we did not consider seed predation further.
Statistical Methods
To assess the effects of absolute density on reproductive success, we used hierarchical regression analysis (Cohen & Cohen 1983) . Each of the models in this hierarchy includes information on the density of conspecific plants in successively greater surrounding areas ("rings"). Use of rings to quantify density, instead of cumulative number of plants over larger areas, ensures that each of the density measures is in priciple free to vary independently. We applied three different regression models for each of the response ( y ) variables. We can then compare the variance explained by models 2 and 3 (R 2 ) to that for model 1. This allows us to start with the smallest scale hypothesis (reproduction is affected only by density within 1 m of the focal plant), then expand to successively broader scales. We tested for significance of any increase in explained variation using an F ratio test, as described in Cohen and Cohen (1983) .
To assess the effects of relative density on reproduction we used ANOVA and ANCOVA under PROC GLM of SAS (SAS Institute 1989), with site, relative density, and their interaction considered fixed effects. Focal plant mass was not correlated with seed set or fruit set ( r ϭ Ϫ 0.05, Ϫ 0.06, respectively, p Ͼ 0.4). However, focal plant mass was significantly correlated with total seed production ( r ϭ 0.44, p ϭ 0.001), so we used plant mass as a covariate in that analysis. We used Type III sums of squares throughout. To improve normality and homoscedasticity of residuals, focal plant mass, the number of plants in each ring, and seed production were Ln transformed, and fruit set was arcsin-squareroot transformed.
Results
Absolute Density
All measures of reproductive success increased significantly with the absolute density of conspecifics within 1 m (Fig. 1, Table 1 ). Including plant density at distances greater than 1 m in the regression did not significantly increase explained variation ( Table 1 ), implying that processes at a scale of a meter or less significantly affect reproduction. This is also reflected by the fact that the number of plants within 1 m was more strongly correlated with the three estimates of reproductive success than were densities at other distances (Table 2) . Note the large range in absolute densities within and among these natural populations ( Fig. 1; range of values for individual plants is from 0-117 plants/1 m radius circle ϭ 0-37 plants/m 2 ). In contrast to the regression analysis, reproductive success did not vary with nearest neighbor distance ( r ϭ Ϫ 0.08, Ϫ 0.09, 0.12, for, respectively, total seed production, seed set, and fruit set; n ϭ 53, p Ͼ 0.3).
Relative Density
Total seed production increased significantly with relative density (Table 3 , Fig. 2 ). Dense plants produced about twice as many seeds as sparse plants (Fig. 2) . However, seed set and fruit set did not vary significantly with relative density (Table 4) . Plant mass and flower production varied among sites, but not among density classes (Table 4 ), confirming that we chose plants of similar size and reproductive potential. Surprisingly, plant mass and total flower production were not significantly correlated with each other ( r ϭ 0.21, p ϭ 0.14). All variables but seed set varied strongly and significantly among sites. The lack of a density/site interaction for our estimates of reproductive success indicates that the effect of relative density did not vary significantly among sites with greatly different absolute densities. Note that only one of three measures of plant reproductive success increased with relative density, versus three of three for absolute density. 
m) (c). (͙[fruit set])
Absolute densities varied widely among relative density classes and among sites ( Fig. 3 ; range ϭ 0 to 2644 plants within 3 m of focals). Furthermore, sites with higher average densities had greater reproductive success per flower ( r ϭ 0.77 for seed set, 0.88 for fruit set; n ϭ 7 sites, p Ͻ 0.04; based on site means for reproductive variables and number of plants within 1 m), but not per plant ( r ϭ 0.08 for total seed production and mean density/site, p Ͼ 0.8).
Discussion
Reproductive success for Lesquerella fendleri increased strongly and significantly with the local density of conspecifics. All of our measures of female function success increased with absolute density within 1 m, and total seed production increased significantly with relative density as well. All of these measures were strongly and positively correlated with the mean density of conspecifics at each site. This implies that the strong and significant variation among sites we observed is at least partially attributable to small-scale variation in density as well. Together, these results indicate that the presence of conspecifics facilitates L. fendleri reproduction and that intraspecific competition does not increase with density over the wide range of densities we observed.
The spatial scale on which density affected reproduction was extremely local. We found effects not only at the scale of several meters (comparing total seed production of dense and sparse plants within sites; Fig. 2) , but also at a scale of 1 m or less (comparing plants differing in absolute density; Fig. 1 , Table 1 ). These results indicate that whatever process is responsible for the observed pattern acts on a spatial scale of 1 m or less (see also Pacala & Silander 1990; Stratton 1994) .
Many studies of reproduction have focused on the effects of population size or fragmentation on reproduction, especially at the very small spatial scales we investigated, not on the effects of local density (Jennersten 1988; Menges 1991 Menges , 1995 Lamont et al. 1993; Fritz & Nilsson 1993; Widén 1993; Aizen & Feinsinger 1994a , 1994b Van Treuren et al. 1994; Heschel & Paige 1995; Lamont & Klinkhamer 1995) . There are good reasons to perform such studies, but our results serve to emphasize that conspecific density itself may affect reproduction as well. Because population size and density are often positively correlated (e.g., Van Treuren et al. 1994) , our results reinforce the idea that distinguishing between the effects of population size and density might be valuable. Yet population size is difficult to quantify for many plant species because population edges often are indistinct and because many plant species are difficult to detect when not flowering. This is certainly true for Lesquerella fendleri, which has diffuse population edges, highly variable densities within "populations," and small cryptic plants (personal observation). In contrast to population delineation, intense searches within a few meters of focal plants are often straightforward and accurate. Thus, because local density is logistically simpler to quantify than is population size and because it may act independently of population size, we suggest it be used more often in the future. Though of limited spatial scope, the effects of density on reproduction were large. For example, a doubling of absolute density was associated with approximately 25% greater success in all three measures ( Fig. 1 ; note Ln scale), and dense plants produced about twice as many total seeds as sparse plants (Fig. 2) . Differences among plants in reproductive potential are not responsible for our results; flower production and plant mass did not differ among density classes (Table 4) , and mass and number of plants within 1 m were not correlated with one another (r ϭ Ϫ0.06, p Ͼ 0.6; both variables Lntransformed).
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Not only were the effects of density exhibited at very small spatial scales, but they occurred even at densities that we subjectively considered adequate to insure full reproductive success. For example, at the Fireplots and Gully sites, mean conspecific densities within one m for sparse plants were around four plants/m 2 , yet both sites show strong reductions in total seed production (see Figs. 2 & 3) . Thus, much to our surprise, intuition about natural history may not always be a useful guide in predicting the effects, or the spatial scale, of density on reproduction.
Greater absolute and relative densities of conspecifics were associated with greater reproductive success (Figs.  1 & 3) , although only total seed production was significantly affected by both measures of density. The fact that seed and fruit set were significantly affected by absolute, but not relative, density may indicate that withinsite effects of density are less pronounced than betweensite effects. The significant correlation of mean density and mean seed production for the seven sites supports this argument. However, the difference in results for relative and absolute density might also reflect lower statistical power for the relative density comparison, or the smaller range of densities available for comparisons within populations.
Possible Causes
We suggest three potential explanations for the surprisingly localized (Ͻ1 m) advantage of having conspecific neighbors: (1) pollination success might increase with density; (2) microhabitat quality might increase with density; (3) and inbreeding might decrease with density. Available evidence supports the first of these. We have no strong evidence either way on the second, and we have evidence contradicting the third, as explained below.
Reproductive success might have increased with conspecific density because pollination success increases with plant density. Indeed, pollinator visitation tends to be greater for dense L. fendleri plants, as indicated by a significant negative correlation of visits per flower with nearest neighbor distance (r ϭ Ϫ0.46, n ϭ 30, p Ͻ 0.01; RJM, unpublished data). Pollinators of many other plant species also increase visitation rates in response to plant density (e.g., Schaal 1978; Heinrich 1979; Kunin 1993 ; see also Kwak 1987) . Increased visitation also leads to increased seed set for L. fendleri (RJM unpublished data). Because pollinator abundance was lower during our study than in any of the previous 3 years (personal observation), pollination limitation of seed and fruit production was more likely, although we do not have data to test that inference. Because of these supporting data, we believe that at least part of the observed increase in reproductive success was due to increased pollination.
Reproductive success might in principle have increased with conspecific density if dense populations occurred in favorable microsites (Kennedy & Gray 1993) . We do not have any data with which to test this hypothesis directly. The plant mass analysis in Table 4 is for plants carefully matched for size and vigor and so cannot be used to test this hypothesis. Experimental manipulation of density (e.g., by placing potted plants at differing densities in the field) is required to confirm that pollination and not microsite quality is responsible for the patterns we observed.
Lower reproductive success of sparse plants is unlikely to be due to an increased frequency of close inbreeding, Table 4 . ANOVA of effects of relative density class and site on seed set per fruit, proportion fruit set, plant dry mass, and total flower production per focal plant. in contrast to the results of several other studies (Menges 1991; Oostermeier 1992; Van Treuren et al. 1994; Byers 1995; Heschel & Paige 1995; but see Widén 1993) . First, self-pollination cannot occur for this self-incompatible plant, so this most extreme form of inbreeding cannot occur in the field. Second, inbreeding in the field is probably no closer than that of second-cousin matings (as indicated by spatial genetic analysis and gene dispersal studies; Cabin, Mitchell, and Marshall unpublished manuscript; Mitchell & Cabin unpublished data) , and such distant inbreeding is unlikely to reduce L. fendleri seed and fruit production enough to account for the decreases we found .
Conclusions
We found no evidence that intraspecific competition limits L. fendleri reproductive success, in contrast to results from other studies (Weiner 1982; Pacala & Silander 1990 ). This facilitation is not a result we would expect if competition for pollination, or for other resources, was the dominant factor determining reproductive success (Rathcke 1983) . If reproductive facilitation occurs at natural densities in other species, this result has important implications for managers and conservationists. First, it serves to emphasize the importance of dense, "source" populations for conservation. Populations of a few isolated individuals will rarely be as successful at reproduction as will more dense groupings. Attempts to conserve or augment such populations are likely to face many difficulties. These include not only the ecological factors we considered, but inbreeding depression at later stages in the life cycle (Van Treuren et al. 1994; Nason & Ellstrand 1995) . Second, knowing the precise cause for facilitation of reproduction may be important when designing remedial actions for threatened populations. If insufficient pollination is responsible for low reproductive success, supplemental hand pollination, importation of pollinators, or temporary supplementation of density (e.g., using potted plants grown for this purpose) would be appropriate ways to increase seed production. On the other hand, if microhabitat quality (e.g., nutrient availability) is the reason for low reproductive success, supplementation of nutrients or water might be appropriate ways to increase seed production.
A central theme of ecological research is the effect of density on population processes. Our results indicate that the classical view of high density as indicative of intense competition and lowered individual success is not always appropriate. Despite the high plant densities we observed, we found no indication of decreases in reproductive success with density. Instead, we found highly significant facilitation of reproduction for high density plants, most likely because of increases in pollinator visitation. This, and similar patterns, occur in other species, indicating that facilitation may be more common than once was thought.
